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Center-to-Limb Variation of the 
polarization of Mg II h & k lines 
as measured by CLASP2 
INTRO: 
• Who cares? Magnetograms in the upper 
chromosphere are needed for accurate magnetic 
coronal extrapolations. The CLASP2 sounding rocket 
took spatially resolved spectropolarimetric data of Mg 
II h & k in the upper chromosphere, that can be used as 
a pathfinder to routine magnetograms. 
• This work: Preliminary results of the center-to-limb 
variation (CLV) of the linear polarization in the quiet 
sun. We compare the signals to recent theoretical 
calculations of the expected polarization which include 
PRD, J-state interference, and magneto-optical effects.
RESULTS
• Observed Q/I qualitatively matches theory
• Q/I CLV in Mg II k emission line is not clear
• Q/I CLV outside of emission lines (due to 
PRD & J-state interference) is clear.
• U/I signal is dominated by spatial variations.
• Partial frequency redistribution, J-state 
interference, and the presence of a 
magnetic field, are needed in models to 
match observations. 
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Measurements confirm 
recent predictions of 
Mg II h & k polarization
in the chromosphere.
Laurel Rachmeler1, David E. 
McKenzie1, Ryohko Ishikawa2, 
Ryouhei Kano2, Javier Trujillo 
Bueno3, Ken Kobayashi1, 
Donguk Song2, Masaki 
Yoshida2, Frederic Auchere4, 
Takenori Okamoto2 & the 
CLASP2 science team
INSTITUTIONS : 1. NASA/MSFC, Huntsville, AL, United States.
2. Na>onal Astronomical Observatory of Japan, Tokyo, Japan.
3. Ins>tuto Astro[sica de Canarias, Santa Cruz de Tenerife, Spain.
4. Ins>tut d'Astrophysique Spa>ale, Paris, France.CLASP2 Observations
11 April 2019
C
LA
SP
2
 M
g 
II
 k
P
o
la
ri
za
ti
o
n
Sun-Center
Plage
Limb
Marshall Space Flight Center
Landolﬁ 2004). For comparison, the bottom panel shows the
intensity proﬁle of the k-line (black solid curve). Overplotted
with the gray curve is the same proﬁle in the CRD limit.
We note how the weak-ﬁeld approximation fails to
quantitatively reproduce the secondary lobes of the Stokes-V
proﬁle. These are formed in the outer wings of the
characteristic peaks of the Mg II k intensity proﬁle, and are
therefore sensible to the presence of PRD effects in the line
forming region (see the bottom panel). Conversely, the
magnetograph formula appears to work extremely well over a
spectral region that extends from the line center out to peaks of
the intensity proﬁle, where the CRD approximation to the line
formation is applicable. With this restriction, our results
indicate that the magnetograph formula retains its diagnostic
value, even in complex atmospheric scenarios as the one
described by our model.
An analysis of the contribution function for Stokes V shows
that the secondary lobes are formed in the chromosphere proper
Figure 1. Stokes proﬁles of the Mg II h–k doublet modeled in a weakly magnetized FAL-C atmosphere (B = 20 G, J = n30B , j = n180B ) and for various directions
of the LOS (corresponding to m = 0.1, 0.3, 0.5, 0.8, respectively, for the black, red, blue, and green curves). The dashed curves correspond to the Stokes proﬁles for
the non-magnetic case and m = 0.1. Left: note the remarkable presence of broadband Stokes-U polarization due to the combination of upper-term quantum
interferences and magneto-optical effects. Right: ﬁner details of the polarization of the h and k line cores and of the quantum interference pattern between them. We
note in particular the reversal of the sign of Stokes V (and more subtly, of Stokes U) for m = 0.8, in accordance with the sign of the LOS projection of the magnetic-
ﬁeld vector. We also note the complete absence of a magnetic signature in the core of the h-line at 280.35 nm, as expected for an intrinsically non-polarizable
transition in the weak-ﬁeld limit.
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generalizing the PRD with J-state interference approach that
Belluzzi & Trujillo Bueno (2014) developed for the unmagne-
tized reference case.
2. FORMULATION OF THE PROBLEM
The upper levels of the Mg II h and k lines have total angular
momenta =J 1 2 and =J 3 2, respectively, while the lower
level, which is common to the two spectral lines, has =J 1 2.
Both resonance lines are sensitive to the Zeeman effect,
butobserving that atomic levels with =J 1 2 cannot carry
atomic alignment, only the Mg II k line is sensitive to the Hanle
effect. The critical magnetic ﬁeld for the onset of the Hanle
effect in the Mg II k line is =B 22H G, which means that in the
presence of magnetic ﬁelds with strengths > »B B0.2 5 GH
we can expect a signiﬁcant modiﬁcation of the line-center
amplitudes of the Q/I and U/I proﬁles with respect to the zero-
ﬁeld reference case.
As mentioned in Section 1, the spectral region of the Mg II k
line between 2795 and 2796 Å is of great scientiﬁc interest. In
this region, the scattering polarization Q/I pattern shows a
positive line-center peak surrounded by two negative peaks
(see Figure 1). The line-center peak is sensitive to the presence
of magnetic ﬁelds via the Hanle effect, but what about the two
negative peaks? In order to investigate this issue, we relax the
commonly used weak-ﬁeld approximation (i.e., the assumption
that outside active regions the linear polarization is fully
dominated by scattering processes, and the Zeeman splitting
can be neglected in the absorption and emission proﬁles), and
we therefore consider the joint action of the Hanle and Zeeman
effects. It can be easily shown that if the lower level is
unpolarized (as it is assumed in this work), and the Zeeman
splittings are neglected, the absorption coefﬁcient for the
intensity, hI , is the only non-zero element of the propagation
matrix (see Landi Degl’Innocenti & Landolﬁ 2004), and the RT
equations for the Stokes Q and U parameters read:
( ) h= -dQ
ds
Q, 1Q I
( ) h= -dU
ds
U, 2U I
with s the geometrical distance along the rayand X the
emissivity for the Stokes parameter X (with =X Q U, ).
However, if the Zeeman splitting of the line’s atomic levels
is taken into account, then the absorption coefﬁcients hQ,
hU ,and hV , as well as the magneto-optical terms rQ, rU ,and
rV ,are in general non-zero, and the transfer equations for the
Stokes Q and U parameters are
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Figure 2 shows the wavelength variation of h hX I and of r hX I
(with X equal to Q, U,or V ) at a given chromospheric height in
the FAL-C atmospheric model, where we have imposed a
constant horizontal magnetic ﬁeld with azimuth c = n45B
(measured counterclockwise from the plane deﬁned by the
vertical and the line of sight,LOS). All the above-mentioned
ratios are very small (or zero) at the line center, while they show
either symmetric or antisymmetric peaks just outside the line-core
region. As expected, all such ratios increase with the magnetic
strength. For magnetic ﬁelds weaker than about 100 G, the
amplitude of the peaks is, however, very small, with the clear
exception6 of h hV I and r hV I . Interestingly, all such ratios
rapidly tend to zero toward the blue and red wings of the Mg II k
line, with the notable exception of r hV I . The reason why in the
line wings rV , which couples Stokes Q and U (see Equations (3)
and (4)), is large compared to the absorption coefﬁcient hI is
because of the broad wings of the Faraday–Voigt proﬁles that
appear in its expression (see Landi Degl’Innocenti & Land-
olﬁ 2004). Note that the wing (e.g., l < 2795Å and l >
2796 Å) and nearwing (e.g., l = 2795Å and l = 2796 Å)
values of r hV I are signiﬁcant already for magnetic ﬁelds as weak
as 10 G (i.e., of the order of the Hanle critical ﬁeld for the Mg II k
line). For sufﬁciently weak magnetic ﬁelds (e.g., of the order of
100 G), the dominant terms of the RT equations for Q and U are
therefore as indicated by the approximate equalities in
Equations (3) and (4).
Although r hV I is negligible in the line-core region (see
Figure 2), in the wings, the terms r UV and r QV must, in
general, be considered. Such terms can only be neglected if at
the wing and near-wing wavelengths Stokes Q and U are
negligible, as it happens when the complete frequency
redistribution (CRD) approximation is used (see the dotted
curve of Figure 1). However, in strong resonance lines, like the
Mg II h & k lines, the effects of PRD and J-state interference
produce complex scattering polarization proﬁles with extended
wings (see the solid curve of Figure 1). As soon as there is a
magnetic ﬁeld, even as weak as 5 G, the rV coefﬁcient, which
Figure 1. Scattering polarization Q/I pattern of the Mg II h& k lines calculated
in the semi-empirical model C of Fontenla et al. (1993;hereafterFAL-C)
assuming CRD (dotted curve) and taking into account PRD effects (solid
curve), in both cases including the effects of J-state interference. The dashed
curve indicates the two-level atom PRD solution for the Mg II k line; note that it
is a reasonable approximation for modeling the positive line-center peak and
the two negative peaks located in the near wings of the Q/I proﬁle. The
reference direction for positive Stokes Q is theparallel to the nearest limb.
6 We note that in the limit of weak ﬁelds the hV and rV quantities scale with
the ratio, *, between the Zeeman splitting and the line’s width, while hX and
rX , with { }=X Q U, , scale with *2.
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• PRD – par>al frequency redistribu>on
• CRD – complete frequency redistribu>on
• J-st t  interferenc :  Quantum 
interference between the upper j-levels 
of the h & k lines.
• 2-level atom radia>ve transfer code 
taking into account collisio al and 
radia>ve transi>ons and the joint ac>on 
of scafering processes and the Hanle and 
Zeeman ﬀects produced by B. 
• 2-step process: ﬁ st assumes CRD and 
solve non-LTE for zero-B and include only 
inelas>c collisions. Second the converged 
CRD solu>on is used to ini>alize the 
itera>on for the PRD problem with B and 
adding elas>c collisions. 
SH11D-3380
Chromospheric observa>ons of the 
magne>cally sensi>ve linear polariza>on of 
Mg II h & k in the quiet sun (mostly) match 
recent theore>cal predic>ons.
Observa>ons conﬁrm Mg II h & k 
polariza>on physics in the quiet sun 
chromosphere. 
CLASP2 observa>ons conﬁrm recent 
predic>ons of Mg II h & k linear polariza>on 
physics in the magne>c chromosphere. 
Related talk here at AGU
SH44A-06 The Chromospheric Layer Spectr -Polarim ter (CLASP2) Sounding 
Rock t Mission: First Results, David E. McKenzie et al.
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